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D ating to the earliest days of human in vitro fertiliza-tion (IVF), laboratory scientists have sought to reﬁneculture conditions in an effort to optimize embryonic
development; careful investigations into the various compo-
nents of the culture environment have been systematically
implemented in an effort to give each embryo the greatest
opportunity to achieve its own reproductive potential even
while acknowledging that there is an intrinsic limit imposed
by the quality of the gametes themselves. Thoughtful study of
air quality (1, 2), oxygen tension (3–5), open vs. oil enclosed
culture, and a wide variety of possible components used
within culture media (6) have provided a more stable in vitro
environment capable of supporting development to the
blastocyst stage. In spite of a seeming myriad of studies on
the in vitro culture system, at least one fundamental condition
has received only limited consideration—temperature.
By the time research into clinical human IVF began, there
was already substantial literature regarding the in vitro cul-
ture of human cells. Given the important goal of mimicking
the in vivo environment, most cell culture was performed at
37C as that is the tightly regulated human core temperature.
When the early clinical IVF culture systems were being de-
signed, this same temperature, which had been demonstrated
to be successful for cell culture as well as mammalian embryo
culture, was adopted (7–9).
The logic that led to the selection of 37C for in vitro cell
culture was an attempt to mimic the in vivo environment of
the tissue; this may not, however, apply to a culture system at-
tempting to mimic the in vivo reproductive axis. Studies per-
formed in the 1980s showed that the fundamental
assumption that the core temperature for the reproductive
axis in vivo was 37C may not be correct; animal and limited
human studies have indicated that the temperature of the ovary
inmammals are typically at least 1C cooler than body temper-
ature and temperature gradients exist in female reproductive
tissues due to a countercurrent transfer that dissipates heat
from some organs (10, 11). Grinsted et al. (12) measured
follicle temperatures in humans and found that the
preovulatory follicles were 2.3C cooler than the ovarian
stroma. If the goal is to mimic the in vivo environment, then
IVF culture at 37C may be higher than optimal (13).
More to the point, there are limited data in the human
model that suggest that lower IVF culture temperatures might
be optimal. In 2008, Higdon et al. (14) reported that clinical
pregnancy rates were increased in cases where the incubator
environment was cooler than 37C (61% cooler culture vs.
42% normal temperature, an absolute improvement of 19%,
or a relative improvement of 45%); fertilization rates were
also signiﬁcantly higher in the lower-temperature group
than the ‘‘normal-temperature’’ group: (85% vs. 72%). These
ﬁndings support the concept that the ideal temperature for
embryo culture may be lower than the standard practice of
37C and that maintaining a lower temperature might even
improve outcomes from assisted reproductive technology
(ART). Unfortunately, these retrospective studies have limited
power and may not provide sufﬁcient evidence to redirect
practice in most ART laboratories.
Because the literature supports the hypothesis that the
reproductive axis is cooler than the core body temperature,
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temperatures cooler than 37C. There have been no ranging
studies to determine the optimal lower temperature, and the
conservative estimate of prior studies indicates that mamma-
lian reproductive tracts are at least 1C cooler than body
temperature, so this could be considered a reasonable starting
point for evaluation.
This randomized clinical trial employed a powerful paired
experimental design to evaluate the impact of temperature on
embryo development in sibling oocytes from a single cohort.
The impact of culturing at a nonstandard, but possibly more
physiologic temperature of 36C was contrasted to traditional
culture at 37C to determine the impact on temporal and
morphologic parameters of embryonic development, spindle
function, as evidenced by the prevalence of embryonic aneu-
ploidy, and sustained implantation rates.MATERIALS AND METHODS
Patient Population
Infertile couples attempting conception through IVF at Repro-
ductive Medicine Associates of New Jersey (RMANJ) from
February 2012 to December 2012 were evaluated by physi-
cians and the clinical research team to determine their eligi-
bility to participate in the study. Participants were observed
until delivery.
Inclusion criteria reﬂected the paired design of the study.
Patients were sought who would likely produce sufﬁcient
oocytes to have several mature oocytes in each of the study
groups so that each patient might effectively serve as her
own control. The following inclusion criteria were used: [1]
age %42 years old at the time of the patient's IVF cycle, [2]
no more than one prior failed fresh IVF cycle, [3] patient
<35 years old who was deemed not to be ideal elective single
embryo transfer candidate by their treating physician due to
history of a prior failed IVF cycle, and [4] a minimum of eight
oocytes with nuclear maturity (MII) at the time of oocyte
denudation.
To exclude confounding variables, patients with the
following characteristics were not offered enrollment: [1]
severe male factor infertility requiring surgical sperm extrac-
tion, [2] chronic anovulation, [3] bodymass index>32 kg/m2,
[4] abnormal uterine cavity, [5] a prior history of poor fertiliza-
tion (<50% of MII oocytes fertilizing normally), or [6] a prior
history of poor blastulation (<10% of zygotes blastulating).
The protocol was approved by the Copernicus Group
Institutional Review Board and registered with clinicaltrials.
gov (NCT01506089) before patient enrollment. Assignments,
data collection, and embryology procedures were performed
by the embryology staff at RMANJ.IVF Cycle Management
There were no restrictions on stimulation protocols. The
paired nature of the experimental design ultimately provided
equality between two groups of oocytes from a single patient
in a single cycle as they experienced identical endocrine mi-
lieus during follicular stimulation. As per routine at this pro-
gram, all embryos were cultured to the blastocyst stage.VOL. 102 NO. 3 / SEPTEMBER 2014
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This study was designed to provide a paired comparison of the
impact of culture system temperature on in vitro embryo
development. To achieve this paired design, each patient's
cohort of mature oocytes was split into two dishes of equiva-
lent number and morphology (based on the embryologist's
subjective assessment of cytoplasmic granularity, polar
body morphology, and appearance of the zona pellucida).
Although the predictive value of oocyte morphology is
limited, the purpose of this assessment was to create two
apparently equal groups to minimize any subtle differences
that could be attributable to morphologic differences. One
dish was labeled ‘‘A’’ and the other ‘‘B,’’ and all oocytes imme-
diately underwent intracytoplasmic sperm injection (ICSI).
After ICSI was performed, the embryologist opened an enve-
lope that read either ‘‘A–36’’ or ‘‘B–36,’’ and the corresponding
dish was cultured at 36C from that point forward, while the
other was cultured at 37C.
The authors used a random number function to generate a
simple 1:1 randomization to determine which of the dishes
was assigned to the study group, undergoing culture at
36C. The other dish was cultured at 37C. Allocation
concealment was achieved using sequentially numbered,
opaque, sealed envelopes. The temperature of embryo culture
was maintained to the temperature of the original assign-
ment. Dishes were placed into their respective incubators
immediately after ICSI.
Onday5 of invitro culture, embryos frombothgroupswere
assessed. All expanded blastocysts in both groups underwent
trophectoderm biopsy and quantitative real-time polymerase
chain reaction (qPCR) based rapid comprehensive chromosome
screening to identify potential differences in treatment-induced
aneuploidy rates if present as well as to isolate the impact of
temperature of culture on implantation by selecting only
euploid blastocysts for transfer (15). Any differences in aneu-
ploidy rates would be assumed to be due to mitotic error, as
meiotic errors before randomization would be distributed
evenly to culture at both temperature groups. On day 6, the
morphologically best quality euploid blastocyst from each of
the two groups was selected, and both were transferred. The
transfer of a euploid blastocyst from each group would also
ensure that the embryo with the highest implantation potential
from each culture condition was transferred. The embryologist
performing grading and selecting embryos for transfer was not
blinded to the temperature of culture. All patients had been
counseled before study enrollment about the risk of multiple
gestation. As these were all patients planning for a two embryo
transfer regardless of study participation, no patients were put
at additional risk for multiple gestation.
Patients at risk for ovarian hyperstimulation syndrome or
who did not have expanded blastocysts until day 6 of devel-
opment underwent a frozen embryo transfer of one euploid
blastocyst from each temperature group. Patients with
euploid embryos from only one culture condition received a
single-embryo transfer. Pregnancies were observed until de-
livery, after which a DNA ﬁngerprinting assay was used to
test newborn buccal DNA to determine the culture group
from which the delivery originated (16, 17) (Fig. 1).VOL. 102 NO. 3 / SEPTEMBER 2014Laboratory Management
Tri-gas incubators (Panasonic model MCO-5M-PA) were used
for this study. An oxygen tension of 5%was used in all incuba-
tors. A group of incubators were dedicated to the study, half of
which were calibrated for culture at 36C and the other half at
37C. The temperature of each incubator wasmeasured and re-
corded every morning at the same time. All embryos were
cultured on the middle shelf of each incubator next to a Na-
tional Institute of Standards and Technology (NIST) approved
thermometer that provides repeatable accuracy of 0.05C.
The pH was measured in each incubator on a weekly basis,
and the CO2 gas level was adjusted to maintain the pH within
the range found to be optimal for blastulation in the laboratory.
Laboratory management of each case was broken into
three phases. The ﬁrst phase extended from isolation of the
oocyte-cumulus complexes from the aspirated follicular ﬂuid
to the completion of ICSI. These procedures were performed
per routine laboratory protocol in media pre-equilibrated to
37C, in isolettes and on microscope stages calibrated to
maintain a 37C environment.
The second phase represented the experimental phase
within the laboratory. After ICSI, the oocytes were transferred
to dishes that had been pre-equilibrated to the appropriate
temperature: 36C for portion of the cohort assigned to the
study group and 37C for those randomized to the control
group. Sequential media was employed; embryos were trans-
ferred from phase I to phase II media on day 3 of development
per laboratory routine.
The third phase was embryo biopsy at the expanded blas-
tocyst stage. The microscope stage and dishes were all pre-
equilibrated to maintain 37C environments. Time exposure
in these environments was typically less than 2 minutes to
minimize temperature ﬂuctuations.Statistical Analysis
The primary outcome was the proportion of zygotes with two
pronuclei (2PN) that developed into expanded blastocysts
suitable for either embryo transfer or cryopreservation (Gard-
ner grade 4BB or better) (18). These morphologically normal
embryos were termed ‘‘usable blastocysts.’’ This measure of
in vitro development is the end point of choice when
comparing laboratory outcomes and is the parameter by
which quality assurance and quality control activities are per-
formed in this laboratory.
Secondary outcomes included rates of 2PN formation per
MII oocyte, number of cells in the cleavage-stage embryo on
day 3, proportion of aneuploid embryos from each group per
2PN zygote, and the sustained implantation rate (number of
live births atR24 weeks gestation per embryo transferred).
Paired analyses were performed. The Wilcoxon signed-
rank test was used to compare paired rates of embryologic
development. McNemar's Chisquare for concurrence was
used to compare sustained implantation rates for those
patients undergoing paired embryo transfer. Pearson's
Chisquare was used to compare sustained implantation rates
for all transferred embryos.
Parameters of in vitro development were reported ﬁrst as
an overall effect on all embryos in aggregate, and then769
FIGURE 1
Hong. Temperature of human embryo culture. Fertil Steril 2014.
FIGURE 1 Continued
Experimental design. Retrieved oocytes for each patient were split
into two groups, inseminated, and cultured at 36C and 37C.
Embryologic developmental outcomes and rates of implantation
resulting in a live birth were compared.
Hong. Temperature of human embryo culture. Fertil Steril 2014.
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rate of development at 36C was compared with the rate of
development at 37C for each patient. Table 1 reports the
overall mean of these rates.
Aneuploidy rates were calculated for each patient for
each culture group; for example, if a patient had four embryos
in each group and had two aneuploid embryos in the study
group and one aneuploid embryo in the control group, then
50% would be compared with 25%. This method allowed for
each patient to contribute equally to the analysis and for
the rates to be examined in a paired fashion.
Sample size calculation software (Open Epi; www.opene
pi.com) was used to determine that 328 total embryos would
be required to show an alteration in blastulation rate of
15% in the study group with a power of 80% and a error
of 0.05. Based on inclusion criteria emphasizing ovarian
reserve, we anticipated an average of 10 embryos per
enrolled patient. To overcome an expected 10% to 20%
dropout rate, 50 patients would need to be enrolled to
meet the goal of 328 embryos, or 164 in each temperature
group. One planned interim analysis was performed for qual-
ity assurance purposes, after which the trial continued to its
planned end point.
RESULTS
Seventy couples volunteered and were considered for partic-
ipation in the study. Of these, 18 patients had fewer than eight
mature oocytes isolated at the time of retrieval and were not
eligible to participate. The remaining 52 patients were
enrolled. No patients were lost to follow-up observation. All
delivery outcomes were available. The study population
averaged 34.2 years of age.TABLE 1
Parameters of in vitro development: rate of blastulation as well as
rate of usable blastocysts was signiﬁcantly higher at 37C when




MII oocytes (n) 399 406
Mean fertilization rate per MII 86.2% 82.0% .23
Mean no. of cells on day 3
(mean  SEM)
7.0  0.1 7.7  0.1 .0001
Mean blastulation rate per 2PN 51.6% 60.1% .03
Mean rate of usable blastocysts
per 2PN
41.2% 48.4% .03
Note: 2PN ¼ two pronuclei; MII ¼ metaphase II; SEM ¼ standard error of the mean.
a Wilcoxon signed-rank test was used to examine paired nonparametric data.
Hong. Temperature of human embryo culture. Fertil Steril 2014.
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TABLE 2
Embryo transfer (ET): sustained implantation rates were similar in







From 36C From 37C
Undergoing ET 46 88
Paired two ET 36 72 24/36 28/36
Fertility and Sterility®Throughout the study, the culture systems performed as
planned. By design, the temperature of the incubators was
different (36C vs. 37C). The incubators had equivalent
stability at both temperatures as the variation around the
mean temperatures was 0.07C and 0.04C, respectively
(not statistically signiﬁcant). Similarly, the pH of media in
the incubators was equivalent and was also stable with
minimal variability, 7.25  0.01 at 36C and 7.26  0.02
at 37C.Unpaired
two ET
6 12 4/6 5/6
Single ET 4 4 1/1 0/3
No ET 6
Total 52 67.4% (29/43) 73.3% (33/45)
Hong. Temperature of human embryo culture. Fertil Steril 2014.Overall In Vitro Development
Atotalof 805MII oocyteswere retrieved equating to15.5MII oo-
cytes per patient (range: 8 to 28). Progression of the entire cohort
of embryos evaluated in the study is as follows. After ICSI, 680 of
the 805MIIwere fertilized: overall¼ 84.5%; 36C¼ 345 (86.5%)
of 399; 37C¼ 335 (82.5%) of 406. Onday 3of development, the
embryos had a mean of 7.3  0.1 cells when they were moved
from the cleavage-stage medium and placed into extended
culture. Of the 680 fertilized oocytes, 388 formed blastocysts:
overall ¼ 57.1%; 36C ¼ 187 (52.4%) of 345; 37C ¼ 201
(60.0%) of 335. A total of 312 of these blastocysts were deemed
of sufﬁcient quality to be either transferred (88 blastocysts) or
considered supernumerary and vitriﬁed for future use (224 blas-
tocysts). Therefore 312 of the 680 2PN embryos formed ‘‘usable
blastocysts’’: overall¼ 45.9%; 36C¼ 150 (43.5%) of 345; 37C
¼ 162 (48.4%) of 335. All of these proportions are consistent
with results typically attained in this embryology laboratory.
Of the 680 2PN embryos, 638 were available for aneu-
ploidy analysis. The other 42 embryos (6.2%) were excluded
from the calculation because the results could not be inter-
preted: for 21 (3.1%) of 680, the consistency of data within
each of the 24 chromosomes was insufﬁcient to determine
ploidy; for 2 (0.3%) of 680 there was no ampliﬁed DNA
present; the remaining 19 of 680 comprised the arrested co-
horts of three patients that could not be evaluated as they
were inadvertently discarded: 19 (2.8%) of 680. Overall, 257
(39.5%) of the 638 2PN embryos were aneuploid: 36C ¼
120 (36.9%) of 325; 37C ¼ 132 (42.2%) of 313.
Of the 52 participants, 46 patients underwent transfer of
88 embryos (15 had a fresh embryo transfer, 31 had a frozen
embryo transfer); as the outcomes were assessed in a paired
fashion, there was no opportunity for unequal impact from
the timing of the embryo transfer, so all outcomes are included
in one analysis (Table 2). Thirty-six patients underwent paired
embryo transfers of one embryo from each temperature group.
Ten patients underwent unpaired transfers, having only had
euploid embryos from one group (four patients only had
euploid embryos from 36C, and six patients only had euploid
embryos from 37C). The remaining six patients had either all
aneuploid embryos or complete embryonic arrest. One pa-
tient's sole embryo did not survive the warming process. The
overall sustained implantation rate was 62 (70.4%) of 88.Paired Analysis of In Vitro Development
Of the 805 MII oocytes, 399 were randomized to the 36C
study group with the remaining 406 randomized to theVOL. 102 NO. 3 / SEPTEMBER 201437C control group. From the perspective of the paired design,
the 36C group had 7.7  0.4 MII (range: 4–13) and the 37C
group had 7.8  0.4 MII (range: 4–14). The mean fertilization
rates were similar in the two groups: 86.2% at 36C and 82.0%
at 37C (P¼ .23).
After fertilization, there were differences in the develop-
mental rates of the embryos. The cell number at the time the
embryos were changed from cleavage to extended culture
media on day 3 of development was lower in the 36C study
group (7.0 0.1 cells) than in the 37C control (7.7 0.1 cells)
(P¼ .0001). The blastulation rates were higher at 37C (60.1%)
than at 36C (51.6%) (P¼ .03). The rate of usable blastocyst
formation was also higher at 37C (48.4%) than at 36C
(41.2%) (P¼ .03) (Table 1).
In the ﬁnal laboratory assessment, usable blastocysts all
underwent trophectoderm biopsy and comprehensive chro-
mosome screening. The mean extent of aneuploidy was
equivalent in the study (42.5%) and control (46.1%) groups
(P¼ .31). The median aneuploidy rates for each patient were
38.2% in the study group and 47.2% in the control group.
This study has a 97% power to detect a 15% difference in
aneuploidy rates between the two groups, assuming a base-
line aneuploidy rate of 46% at 37C.Paired Analysis of Reproductive Competence
among Transferred Euploid Blastocysts
Pregnancy rates of the transferred blastocysts in the group of
patients undergoing planned two-embryo transfer (one from
each of the culture groups) were analyzed. From this group, 20
(55.6%) of 36 delivered twins, 12 (33.3%) of 36 delivered
singletons, and 4 (11.1%) of 36 had ﬁrst trimester losses.
All singleton gestations underwent DNA ﬁngerprinting to
determine whether the embryo from the 36C or the 37C cul-
ture groups progressed to delivery. Of these, 4 (33.3%) of 12
had been cultured at 36C, and 8 (66.7%) of 12 had been
cultured at 37C which was equivalent (P¼ .38).
An analysis including all patients undergoing transfer
showed a sustained implantation rate of 29 (67.4%) of 43 at
36C and 33 (73.3%) of 45 at 37C (P¼ .28) (Fig. 2). An
intent-to-treat analysis was performed to account for all pa-
tients, including those who did not undergo transfer. The771
FIGURE 2
Sustained implantation rates. The proportion of transferred embryos
from each culture group resulting in a delivery was equivalent at 36C
and 37C (P¼.28).
Hong. Temperature of human embryo culture. Fertil Steril 2014.
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and 32 (61.5%) of 52 at 37C (P¼ .44).
This study has a 84% power to detect a 27% difference in
implantation rates between the two groups (a 45% relative
difference). This comparison remains underpowered to detect
smaller differences in implantation rate.
The four patients who underwent losses did not undergo
procedures allowing for tissue collection. One patient had a
biochemical pregnancy, and the three others had spontaneous
passage of the products of conception.
DISCUSSION
This study systematically demonstrates that lowering the
incubation temperature of in vitro culture to 36C resulted
in statistically signiﬁcantly fewer cell numbers on day 3 of
development, statistically signiﬁcantly lower blastocyst for-
mation rate, and statistically signiﬁcantly lower proportions
of usable blastocysts. There was no statistically signiﬁcant
difference in fertilization rate or aneuploidy rate. The clinical
outcomes suggest that once a euploid blastocyst is trans-
ferred, there is no statistically signiﬁcant difference in im-
plantation rates. This is the ﬁrst randomized controlled trial
to examine the temperature of in vitro culture of human
embryos.
These ﬁndings are in contrast to the slight clinical bene-
ﬁts of culture at lower temperatures demonstrated in prior
retrospective observational studies. Although it is possible
that different system speciﬁc parameters, including the num-
ber of embryos in group culture, the media, or its components,
and laboratory speciﬁc characteristics, are different, it is more
likely that those small effects are not attributable to
temperature.
Leese et al. (19) postulated in the ‘‘quiet embryo hypoth-
esis’’ that viable embryos have ‘‘quiet’’ metabolism, as evi-
denced by lower nutrient turnover rates than their less
viable counterparts, and that temperatures cooler than deep
body temperature could also lead to ‘‘quiet’’ metabolism.
This could explain the subtle differences in cleavage rates,
though this was not a difference that persisted to affect the
outcomes after extended culture. It is possible that although772a ‘‘quiet’’ metabolism is preferable, artiﬁcially lowering
culture temperature in an attempt to induce a lower level of
metabolism did not achieve the same end point. This is evi-
dence that after genomic activation the differences may not
be clinically relevant or have an impact on reproductive
potential.
With regard to aneuploidy assessment, there is utility in
examining the possible impact of a lower temperature of cul-
ture on the rate of aneuploidy. Although in vitro culture from
ICSI forward clearly cannot impact meiotic errors that would
have originated in the patient before the oocyte's entry into
the laboratory, culture temperature could affect mitotic errors,
which may contribute up to one-third of embryonic aneu-
ploidies (20). Although the study was not powered to detect
small differences, it was sufﬁciently powered to detect large
differences, which was a possibility if an alteration in temper-
ature had a major adverse impact. Because aneuploidy plays a
major role determining reproductive competence, it was a
necessary end point. Ultimately the aneuploidy rates were
equivalent in the two groups. This is reassuring, but it is
possible that embryonic mosaicism could cause an aneuploid
embryo to be mistakenly identiﬁed as euploid. Because of the
inherent nature of trophectoderm biopsy—only a small num-
ber of cells (5–10) are sampled, and the ensuing chromosomal
analysis is applied to the entire remaining embryo that is then
transferred—the rates of mosaicism cannot be directly
determined. That being said, if there were a relevant or
substantial difference in mitotic errors, this would be
reﬂected in a diminution of the downstream sustained
implantation rates, which was not the case.
This study compared two stable environments. Future
studies could potentially model culture at multiple tempera-
tures to approximate the temperature gradients throughout
the reproductive tract. Physiologically, the argument that
the native follicle is cooler does not necessarily mean the em-
bryo is cooler throughout its development, given its transit
throughout the fallopian tube during different stages of
development. The few studies on fallopian tube temperatures
have demonstrated gradients throughout the tube (11, 21, 22).
This suggests an even wider range of temperatures than the
one studied, which was selected as the midpoint of the
range of physiologic temperatures seen in vivo. This does
not mean that unregulated variations in incubator
temperature are preferential; in fact, a small retrospective
study comparing incubators with different mean
temperatures and temperature recovery rates demonstrated
that mean fertilization rates and cleavage progression were
lower in the incubator that took the most time to recover
temperature after the incubator door had been opened (23).
Other randomizationmethods could have been employed,
including randomization of individual oocytes to different
culture conditions for each individual case. That approach
was not selected, as randomization may not be expected to
provide two equal groups when the numbers being random-
ized would be quite small. Alternatively, 2PN zygotes could
have been randomized to different temperatures, though
this would have lost the beneﬁt of assessing differences in
fertilization rate, as was demonstrated to be different previ-
ously. An unpaired analysis could also have been performed,VOL. 102 NO. 3 / SEPTEMBER 2014
Fertility and Sterility®with patients randomized to each of the two conditions. The
randomization that was ultimately selected was chosen for
its ability to control for multiple other factors outside of the
parameter being evaluated so that bias could be avoided.
A limit of this study is that the culture system has been
optimized for care at 37C and that may have contributed
to the higher rates of blastulation and usable blastocysts in
the 37C group. Adjustments were made to the culture system
at 36C to modify the pH to optimize blastulation rates.
Additionally, the study was powered for embryologic devel-
opmental parameters, speciﬁcally, blastulation as an end
point. Many more subjects would have been needed to
make broad conclusions about more subtle differences in
implantation rates. These data demonstrate that continuing
embryology practice of 37C culture does produce excellent
outcomes, and that culture at cooler temperatures does not
provide beneﬁt when studied prospectively. For now, stay
the course.
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